r The corticospinal tract contributes to the control of finger muscles during precision and power grip. We explored the neural mechanisms contributing to changes in corticospinal excitability during these gripping configurations.
Introduction
Anatomical and electrophysiological studies showed that corticospinal neurons from the primary motor cortex (M1) contribute to the control of finger muscles during different finger manipulations (Lemon, 2008) . In primates, corticospinal neurons from M1 are differentially active during more and less precise gripping behaviours (Lemon, 1981; Buys et al. 1986 ). While some corticomotoneuronal cells are more active during a precision grip others are more active during a power grip, even though both corticomotoneuronal cells project to the same target muscles (Muir & Lemon, 1983) . In agreement, most studies in humans agreed that corticospinal excitability in intrinsic finger muscles changed to a different extent during precision and power grip (Flament et al. 1993; Schieppati et al. 1996; Hasegawa et al. 2001; Tinazzi et al. 2003; Davare et al. 2008; Geevasinga et al. 2014) . So far, the neural mechanisms contributing to modulate corticospinal output during these different gripping configurations in humans remain largely unknown.
Some differences have been reported in the contribution of cortical circuits to precision and power grip in humans. Recent results indicated that different sets of cortical synaptic inputs to corticospinal neurons can be preferentially engaged when humans perform a precision grip and a power grip (Federico & Perez, 2016) . Moreover, the duration of the cortical silent period (Tinazzi et al. 2003) and the magnitude of short-interval intracortical inhibition (Geevasinga et al. 2014) changed to a different extent during precision and power grip, suggesting that differential changes might be taking place at a cortical level. Thus, a critical question is which neuronal elements might contribute to modulate intracortical networks during precision and power grip. One possibility is the reticular system -the reticular system located in the midbrain -projects to thalamic neurons Steriade et al. 1988) , which interact with interneurons in M1 (Shinoda et al. 1993; Ando et al. 1995) . The reticulospinal system located in the pontomedullary reticular formation gives origin to the reticulospinal tract, which is a major motor pathway that projects directly and indirectly to spinal motoneurons controlling hand muscles (Riddle et al. 2009 ). Animal studies showed that a single reticulospinal neuron exhibits extensive collateralization projecting to multiple motoneuron pools (Peterson et al. 1979; Matsuyama at el. 1997) , making this tract a good candidate for performance of gross compared with fine finger manipulations. In humans, it has been shown that the reticulospinal tract contributes to the control of hand muscles during grasping (Carlsen et al. 2009; Honeycutt et al. 2013; Dean & Baker, 2016) . Electrophysiological data in humans using transcranial magnetic stimulation (TMS) showed that an acoustic startle cue, a stimulus that engages the reticular system, modulates corticospinal responses at a cortical level (Furubayashi et al. 2000; Kühn et al. 2004) . Thus, we hypothesized that cortical circuits within M1 contribute differentially during precision grip and power grip related, at least partly, to influences from the reticular system. Based on previous results (Schieppati et al. 1996; Tinazzi et al. 2003) , we also predicted that measurements of subcortical excitability such as motor evoked potentials elicited by cervicomedullary stimulation (CMEPs) and F-waves (an index of spinal motoneuron excitability) will remain unchanged during precision and power grip.
Methods

Subjects
Thirty-three healthy volunteers (30.3 ± 9.8 years, 14 females) participated in the study. All subjects gave informed consent to the experimental procedures, which was approved by the local ethics committee at the University of Miami. The study was performed in accordance with the Declaration of Helsinki.
Electromyographic (EMG) recordings
EMG was recorded from the first dorsal interosseous (FDI) and the abductor pollicis brevis (APB) in the dominant hand through surface electrodes (Ag-AgCl; 10 mm diameter) secured on the skin over the belly of each muscle. EMG signals were amplified and filtered (bandwidth 30-2000 Hz) with a bioamplifier (Neurolog System, Digitimer, Welwyn Garden City, UK) and then converted to digital data with a sampling rate of 10 kHz with an A/D converter (CED Micro 1401, Cambridge Electronic Design, Cambridge, UK) and stored on a computer for off-line analysis.
Experimental paradigm
Subjects were seated in a custom chair with both arms flexed at the elbow by 90 deg. Testing was completed when subjects performed index finger abduction, precision grip and power grip (Fig. 1) in a randomized order. During index finger abduction, subjects were instructed to press with their index finger against a custom lever in the abduction direction with the forearm pronated and the wrist restrained by straps. During precision grip, subjects were asked to grasp a small cylinder (diameter: 6 mm, length: 31 mm, weight: 1.36 g; Bunday et al. 2014) between the thumb and index finger while the forearm was maintained in the neutral position and the wrist was restrained by straps. In the power grip task, subjects were instructed to grasp the same small cylinder within the hand while all fingers were flexed at the metacarpophalangeal and proximal interphalangeal joints, with the forearm maintained in the neutral position and the wrist restrained by straps. Subjects were asked to maintain the cylinder in vertical position during precision and power grip with the minimal amount of EMG activity in both fingers referred to as 'natural grip' and this was set as the target EMG level for all motor tasks (Bunday et al. 2014; Perez & Rothwell, 2015) . A familiarization trial was completed to ensure that subjects were able to match EMG activity in the FDI muscle across tasks. At the beginning of the experiments, 2-3 brief maximal voluntary contractions (MVCs) were performed for 3-5 s into index finger abduction and thumb abduction separated by 30 s. EMG activity from the FDI muscle was displayed continuously on an oscilloscope and verbal feedback was provided to the subjects to ensure that physiological measurements were acquired at similar levels of background EMG activity (FDI EMG activity: index finger abduction = 2.51 ± 1.23% of MVC, precision grip = 2.51 ± 1.17%, power grip = 2.51 ± 1.20%; F 2,50 = 0.03, P = 0.97). The APB muscle was less active during index finger abduction (1.31 ± 1.4%) compared with precision (5.27 ± 5.1%, P < 0.001) and power (3.31 ± 2.5%, P < 0.001) grip. A total of 12.3% trials in which the mean rectified EMG activity was ±2 SD of the mean EMG, measured 100 ms before the stimulus artifact, were excluded from the analysis (Bunday et al. 2014) .
TMS
Transcranial magnetic stimuli were applied using a figure-of-eight coil (loop diameter 70 mm) through a Magstim 200 2 magnetic stimulator (Magstim, Whitland, UK) with a monophasic current waveform. We determined the optimal position for eliciting a motor evoked potential (MEP) in the FDI muscle (hot spot) by moving the coil, with the handle pointing backward and 45 deg away from the midline, in small steps along the hand representation of M1. The hot spot was defined as the region where the largest MEP in the FDI could be evoked with the minimum intensity (Rothwell et al. 1999) . With this coil position the current flowed in a posterior-anterior direction and probably produced D and early I wave activation (Sakai et al. 1997) . The TMS coil was held to the head of the subject with a custom coil holder, while the head was firmly secured to a headrest by straps. TMS measurements included MEPs, resting motor threshold (RMT), suppression of voluntary EMG by subthreshold TMS (svEMG), and effect of an acoustic startle cue on MEP size and svEMG area.
MEPs
The RMT was defined as the minimal stimulus intensity required to induce MEPs ࣙ50 μV peak-to-peak amplitude in 5/10 consecutive trials in the relaxed muscle (Rothwell et al. 1999) . MEPs were tested during ß3% of MVC at intensities of 100% of RMT. Since MEPs were suppressed during power grip, using this intensity, we checked that MEPs were present in all conditions tested. If an MEP was not present in all conditions the stimulus intensity was increased to 105% of the RMT. Single TMS pulses were delivered at 4 s intervals in sets of 10 separated by resting periods as needed. Thirty MEPs were tested during each hand motor task in a randomized order and this process was repeated twice (total of 60 MEPs were measured in each hand motor task). We found that MEP size was decreased during power grip compared to index finger abduction and precision grip and changes in MEP size can influence MEP latencies (Day et al. 1989; Di Lazzaro et al. 2001). Therefore, in a control experiment we tested MEP latencies by adjusting the MEP size across tasks to match the MEP size during power grip (n = 26). To examine the possible contribution of additional descending inputs on MEP size, we also adjusted the MEP size across tasks to match the MEP size during index finger abduction (n = 26) and while exerting ß30% MVC during all tasks (n = 8; index finger abduction = 27.34 ± 2.6% of MVC, precision grip = 28.38 ± 1.3%, power grip = 27.26 ± 2.1%; F 2,14 = 1.78, P = 0.21). We measured the MEP peak-to-peak amplitude and latency defined as the time point when the rectified EMG activity exceeded 2 SD above the background EMG 15 ms after the stimulus artifact. MEPs were visually inspected and analysed trial by trial.
svEMG
Intracortical inhibition was assessed by TMS applied at an intensity below MEP threshold during ß3% of MVC (n = 18), which suppresses voluntary EMG activity (svEMG; Davey et al. 1994) . It is thought that svEMG reflects the activation of inhibitory mechanisms within M1 (Butler et al. 2007) . svEMG was first measured during index finger abduction and the stimulus intensity was increased in small steps until the svEMG was present without evoking a short-latency facilitation. After the intensity was determined, svEMG was tested during all motor tasks in a randomized order. If a short-latency facilitation was observed during any of the hand motor tasks, the intensity was reduced and the test was repeated in all motor tasks with this new stimulus intensity. To analyse svEMG, the EMG traces were rectified and averaged, and then the onset and offset of svEMG were defined as the time points when the averaged rectified EMG trace dropped below the background EMG level (minimal duration of 10 ms) and returned to this level, respectively. The area of svEMG was measured using the following formula:
where au svEMG is the area under the rectified EMG of the svEMG period. svEMG area was then normalized against the background EMG level (Bunday et al. 2014) :
where the mean duration of svEMG was calculated as the grand average of all motor tasks in all subjects (14.5 ± 6.3). We also calculated the normalized svEMG area using a fixed time window across motor task. The interstimulus interval for TMS pulses was 1 s. One hundred trials were tested in each condition and repeated twice.
CMEPs
The corticospinal tract was stimulated by high voltage electrical current (200 μs duration, DS7AH, Digitimer, Welwyn Garden City, UK) passed between adhesive Ag-AgCl electrodes fixed to the skin behind the mastoid process at the cervicomedullary level (n = 6; Taylor & Gandevia, 2004) or by placing the cathode at the vertex and anode 7 cm lateral (n = 2; Day et al. 1989) . The stimulation intensity was set to elicit an MEP in the FDI muscle of ß5% of the maximal motor response (M-max, a maximal muscle response evoked by direct activation of the efferent fibres by supramaximal electrical stimulation of the ulnar nerve at the wrist) during index finger abduction during ß3% of MVC (CMEPs = 6.14 ± 2.5% of M-max and MEPs elicited by cortical electrical stimulation = 5.20 ± 2.4% of M-max). During all tasks, the latency of CMEPs (index finger abduction = 19.00 ± 1.2 ms, precision grip = 19.21 ± 0.8 ms, power grip = 20.02 ± 1.4 ms, P < 0.001) and MEPs elicited by cortical electrical stimulation (index finger abduction = 21.20 ± 0.2 ms, precision grip = 21.13 ± 0.5 ms, power grip = 21.36 ± 0.1 ms) was shorter than the latency of MEPs evoked by TMS (index finger abduction = 23.34 ± 1.2 ms, precision grip = 23.09 ± 1.1 ms, power grip = 23.60 ± 1.2 ms). Fifteen to 20 CMEPs and cortical electrical stimulation MEPs were tested in each condition. Because CMEPs and MEPs elicited by cortical electrical stimulation showed the same changes across conditions and we only had two subjects tested with cortical electrical stimulation we grouped all results together under CMEPs.
Effect of an acoustic startle cue on MEPs, CMEPs and svEMG
The effect of an acoustic startle cue on MEP size was tested using previously described methods (n = 15; Furubayashi et al. 2000; Fisher et al. 2004) . It has been demonstrated that an acoustic startle cue preceding TMS by 50 ms suppresses corticospinal excitability at a cortical level without affecting spinal motoneuron excitability (Furubayashi et al. 2000; Kühn et al. 2004) . At the beginning of testing, five consecutive acoustic stimuli were presented to habituate the startle. Testing was conducted during index finger abduction, precision grip and power grip in a randomized order during ß3% of MVC. A test stimulus (TS) was delivered by TMS at an intensity that elicited an MEP ß1 mV in the FDI muscle during ß3% of MVC. Since MEP amplitude decreased during precision and power grip compared with index finger abduction we adjusted the MEP size across conditions (index finger abduction = 1.22 ± 0.3 mV, precision grip = 1.14 ± 0.3 mV, power grip = 1.08 ± 0.3 mV; P = 0.10). A conditioning stimulus (CS; an acoustic startle cue: 500 Hz, 50 ms, >115 db SPL) was presented 50 ms prior to a TS through two audio speakers (T-15, Polk Audio, Baltimore, MD, USA) located underneath the experimental chair. To avoid habituation effects of a startle cue on MEP size, the inter-trial interval varied between 20 and 30 s so that the timing of stimulation was unpredictable. Twenty test MEPs and 20 conditioned MEPs were measured in each condition.
We tested the effect of the same acoustic startle cue on svEMG. A startle cue was given 50 ms prior to a TS consisting of individual svEMG trials in all tasks (n = 11). svEMG area decreased during precision and power grip compared with index finger abduction, so we adjusted the magnitude of svEMG across conditions (index finger abduction = 67.2 ± 9.8%, precision grip = 70.2 ± 12.6%, power grip = 63.4 ± 12.5%; P = 0.18). For svEMG, 30 trials were conducted (TS alone and TS with a preceding CS acoustic startle cue by 50 ms) in each task. Since a startle cue increases the size of MEP responses elicited by cortical electrical stimulation when presented 80 ms prior to a TS (Furubayashi et al. 2000) , we also tested the effect of an acoustic startle cue on a test CMEP (n = 3) and on a test MEP elicited by cortical electrical stimulation (n = 5) with an inter-stimulus interval of 80 ms in all tasks. Since both responses showed similar changes across conditions we grouped all results together under CMEPs to better relate to our previous testing (see CMEPs section). Because CMEP amplitude also decreases during precision and power grip compared with index finger abduction, we adjusted the test CMEP size across conditions (index finger abduction = 0.90 ± 0.2 mV, precision grip = 1.01 ± 0.3 mV, power grip = 0.96 ± 0.3 mV; P = 0.24). Fifteen to 20 CMEPs were measured in each trial (TS alone, TS with a preceding CS acoustic startle cue by 50 ms, and TS with a preceding CS acoustic startle cue by 80 ms) in each task. The effect of an acoustic startle cue on MEPs, CMEPs and svEMG was calculated by expressing the size of the conditioned response as a percentage of the size of the test response [(conditioned response × 100)/(test response)].
F-waves
We also examined motoneuron excitability by recording F-waves in the FDI muscle (n = 8). A rectangular electrical pulse (200 μs duration, DS7AH, Digitimer, Welwyn Garden City, UK) was delivered to the ulnar nerve at the wrist through bipolar felt pad electrodes (each 8 mm diameter, 25 mm electrode distance). The stimuli were delivered every 4 s with an intensity at 150% of M-max. F-waves were recorded by a bioamplifier (1902, Cambridge Electronic Design, Cambridge, UK) using high-pass cutoff filters at 100 Hz so that the tail end of M-max returned to baseline by the onset of the F-wave. We measured the peak-to-peak amplitude of F-waves (expressed relative to M-max), persistence of F-waves (number of F-waves present in each set) and their latency in a set (Bunday et al. 2014) . In a set, 30 F-waves were tested in each motor task. The set was repeated three or four times with a randomized order across motor tasks.
Data analysis
Normal distribution and equal variability of data were tested using the Shapiro-Wilk's test and Levene's test, respectively. Data sphericity was determined using the Mauchly's test. When sphericity could not be assumed, the Greenhouse-Geisser correction was performed to reveal significant F values. One way repeated-measures ANOVAs were performed to determine the effect of TASK (index finger abduction, precision grip, power grip) on MEP and CMEP size, F-wave (amplitude, persistence, and latency), M-max, svEMG, and background mean EMG activity. Two way repeated-measures ANOVAs were performed to determine the effect of TASK and MEP MATCHED (unadjusted, adjusted) on MEP latency and the effect of TASK and svEMG WINDOW (fixed, unfixed) on svEMG. We also used two-way repeated-measures ANOVAs to test the effect of TASK and TRIAL (TS, TS+CS) on acoustic startle effects on MEP size, CMEP size and svEMG area. Post hoc comparisons were conducted with multiple t tests with Bonferroni's correction. Pearson correlation analysis was used as needed. Significance was set at P < 0.05. Group data are presented as the mean ± SD in the text.
Results
MEPs
Figures 2A and B illustrate traces of MEPs elicited by TMS over the M1 in the FDI muscle from a representative subject. Note that MEP size decreased to a larger extent during power grip compared with index finger abduction and precision grip. Note also that MEP latency was delayed during power grip compared with the other motor tasks.
Repeated-measures ANOVA showed an effect of TASK on MEP size (F 2,50 = 68.28, P < 0.001; Fig. 2C ). Post hoc testing showed that MEPs were suppressed during power grip (1.19 ± 0.5 mV) compared with index finger abduction (2.33 ± 0.7 mV, P < 0.001) and precision grip (1.66 ± 0.7 mV, P < 0.001). Note that MEPs were more suppressed during power grip compared with precision grip (P < 0.001). We also found an effect of TASK on MEP latency (F 2,50 = 32.37, P < 0.001; Fig. 2D ). MEP latency was prolonged during power grip (22.94 ± 1.6 ms) compared with precision grip (22.33 ± 1.5 ms, P < 0.001) and index finger abduction (22.19 ± 1.5 ms, P < 0.001) with no J Physiol 595.8 differences between index finger abduction and precision grip (P = 0.46).
In a first control experiment, we matched MEP amplitude across tasks to the MEP size observed during power grip (index finger abduction = 1.18 ± 0.4 mV, precision grip = 1.17 ± 0.3 mV, power grip = 1.16 ± 0.3 mV; all comparisons P > 0.05). A two-way repeated-measures ANOVA showed an effect of TASK (F 2,50 = 34.64, P < 0.001), MEP MATCHED (F 1,25 = 8.86, P = 0.006) but not in their interaction (F 2,50 = 2.53, P = 0.09) on MEP latency (Figs. 3C and D) . Here, we found that MEP latency was prolonged during power grip compared with index finger abduction (P < 0.001) and precision grip (P < 0.001) when MEP size was unadjusted (power grip = 22.94 ± 1.6 ms, precision grip = 22.32 ± 1.5 ms, index finger abduction = 22.19 ± 1.5 ms; Figs. 3A and C, representative subject and group data) and adjusted (power grip = 23.24 ± 1.5 ms, precision grip = 22.74 ± 1.4 ms, index finger abduction = 22.62 ± 1.4 ms; Figs. 3B and D, representative subject and group data). Note that during power grip the majority of subjects showed longer MEP latencies compared with index finger abduction and precision grip in the unadjusted and adjusted conditions (Figs. 3E and  F) . Here, a negative number indicates that a subject showed shorter MEP latency during precision or power grip compared with index finger abduction and a positive number indicates a longer MEP latency during precision or power grip compared with index finger abduction. Background EMG was similar across conditions (TASK: F 2,50 = 0.13, P = 0.88, MEP MATCHED: F 1,25 = 0.10, P = 0.76). In a second control experiment, we matched MEP amplitude across tasks to the MEP size observed during index finger abduction (index finger abduction = 2.77 ± 0.7 mV, precision grip = 2.79 ± 0.7 mV, power grip = 2.78 ± 0.7 mV; F 2,26 = 0.06, P = 0.95). We found an effect of TASK (F 1.352,17.577 = 5.51, ε = 0.676, P = 0.01), not MEP MATCHED (F 1,13 = 0.19, P = 67), but in the interaction (F 2,26 = 13.31, P < 0.001) on MEP latency. MEP latencies were similar across motor tasks when MEP size was adjusted (power grip = 22.18 ± 1.2 ms, precision grip = 22.23 ± 1.4 ms, index finger abduction = 22.19 ± 1.3 ms; P = 0.81). For unadjusted MEPs, MEP latencies were prolonged during power grip (22.62 ± 1.8 ms) compared with precision grip (22.19 ± 1.7 ms, P < 0.001) and index finger abduction (22.04 ± 1.7 ms, P < 0.001). Background EMG was similar across conditions (TASK: F 2,26 = 0.02, P = 0.98, MEP MATCHED: F 1,13 = 0.31, P = 0.59). In a final control experiment, we measured MEPs across tasks during ß30% MVC and found an effect of TASK on MEP size. Here, MEP size decreased during power grip (5.58 ± 1.7 mV) compared with precision grip (6.54 ± 1.8 mV, P < 0.05) and index finger abduction (8.22 ± 2.5 mV, P < 0.05). However, MEP latency remained similar across tasks (index finger abduction = 22.11 ± 1.0 ms, precision grip = 22.02 ± 0.9 ms, power grip = 22.06 ± 0.9 ms; F 2,14 = 1.05, P = 0.38).
svEMG Figure 4A illustrates the mean rectified EMG in the FDI muscle during subthreshold TMS in a representative subject. Note that at similar levels of background EMG activity there is less EMG suppression (see in Fig. 4A the period between dotted lines) during power grip compared with index finger abduction and precision grip.
Repeated-measures ANOVA revealed an effect of TASK on svEMG area (F 2,34 = 30.75, P < 0.001; Fig. 4B ). Post hoc testing showed that svEMG area was attenuated during power grip (91.1 ± 4.3% of background EMG) compared with precision grip (87.1 ± 7.3% of background EMG, P < 0.001) and index finger abduction (83.4 ± 5.9% of background EMG, P < 0.001). Notably, svEMG area was more attenuated during power grip compared with precision grip (P < 0.001). The latency (F 2,34 = 2.63, P = 0.09) and duration (F 2,34 = 2.59, P = 0.09) of the svEMG and background EMG (F 2,34 = 0.16, P = 0.86) were similar across tasks. A two-way repeated-measures ANOVA revealed effects of TASK (F 2,34 = 38.80, P < 0.001) and svEMG WINDOW (F 1,17 = 15.28, P = 0.001) on svEMG area. There was no significant interaction of TASK and svEMG WINDOW (F 2,34 = 2.21, P = 0.13), indicating that the same result was observed even if the same window was used for analysis. A negative correlation was found between FDI svEMG area and MEP size during all conditions tested (r = −0.77, P < 0.001, Fig. 4C ). Thus, individuals with smaller MEPs were those who showed less suppression in svEMG. Figure 5A illustrates MEP traces elicited by cervicomedullary electrical stimulation in the FDI muscle from a representative subject. Note that CMEP size decreased during precision and power grips to a similar extent compared with index finger abduction. Also, CMEP latency was delayed during power grip compared with the other motor tasks. Repeated-measures ANOVA revealed an effect of TASK on CMEP size (F 2, 14 = 12.82, P < 0.001; Fig. 5B ). Post hoc testing revealed that CMEPs were suppressed during power grip (0.89 ± 0.4 mV) and precision grip (0.96 ± 0.4 mV, P = 0.004) compared with index finger abduction (1.36 ± 0.6 mV, P = 0.001). The CMEP suppression was similar between precision (72.4 ± 19.7%) and power (65.4 ± 14.4%, P = 0.18) grip. We also found an effect of TASK on CMEP latency (F 2,14 = 14.53, P < 0.002; Fig. 5C ). CMEP latency was prolonged during power grip (20.36 ± 1.1 ms) compared with precision grip (19.69 ± 1.1 ms, P = 0.003) and index finger abduction (19.54 ± 1.5 ms, P < 0.001) with no differences between index finger abduction and precision grip (P = 0.99). Background EMG was similar across motor tasks (F 2,14 = 1.21, P = 0.32).
CMEPs
Effect of an acoustic startle cue on MEPs
Figures 6A and B illustrate MEP traces in the FDI muscle tested with and without an acoustic startle cue in a representative subject. Note that a startle cue suppressed MEP size to a lesser extent during power grip compared with index finger abduction and precision grip. A two-way repeated-measures ANOVA revealed an effect of TRIAL (F 1,14 = 30.36, P < 0.001), not TASK (F 2,28 = 0.16, P = 0.85) but in their interaction (F 2,28 = 10.98, P < 0.001) on the effect of a startle cue on MEP size (Fig. 5C) . We found that MEPs were suppressed to a lesser extent during power grip (87.0 ± 20.0%, P < 0.05) and precision grip (78.4 ± 21.8%, P < 0.05) compared with index finger abduction (62.2 ± 17.8%). Note that MEPs were also less suppressed during power grip compared with precision grip (P < 0.05). Background EMG was similar across tasks (F 2,28 = 2.33, P = 0.12). We found a positive correlation between changes in the effect of a startle cue on MEP size and svEMG area across conditions (r = 0.62, P < 0.001, Fig. 6D ). Here, individuals with a lesser MEP suppression by a startle were those who showed less suppression in the svEMG. Figure 7A shows svEMG traces in the FDI muscle with and without a startle cue in a representative subject. Note that the presence of a startle cue reduced svEMG area to a larger extent during power grip compared with the other tasks. A two-way repeated-measures ANOVA revealed an effect of MEP amplitude (B) and latency (C) are showed in the ordinate and the abscissa in each graph, respectively. The other axes show the hand motor task tested (index finger abduction = blue bars, precision grip = green bars, power grip = purple bars). Note that CMEP amplitude was suppressed to a similar extent during precision and power grip compared with index finger abduction. CMEP latency was prolonged during power grip compared with the other motor tasks. Error bars indicate SD. * P < 0.05.
Effect of an acoustic startle cue on svEMG and CMEPs
J Physiol 595.8 TRIAL (F 1,10 = 46.46, P < 0.001), not TASK (F 2,20 = 0.26, P = 0.78) but in their interaction (F 2,22 = 7.12, P = 0.005) on the effect of a startle cue on svEMG area. svEMG area decreased in all tasks with the presence of a startle cue but to a larger extent during power grip compared with index finger abduction (P = 0.04) and precision grip (P = 0.02). Background EMG was similar across TASKS (F 2,20 = 1.01, P = 0.38) and TRIALS (F 1,10 = 4.19, P = 0.07). Figure 8A shows CMEP traces in the FDI muscle in a representative subject. Note that when a startle cue was given 80 ms, but not 50 ms, prior to a test CMEP the size of CMEPs increased in all tasks. Two-way repeated-measures ANOVA revealed an effect of TRIAL (F 2,14 = 26.63, P < 0.001) but not TASK (F 2,14 = 0.73, P = 0.50) or in their interaction (F 4,28 = 0.28, P = 0.89) on CMEPs. The size of CMEPs did not change in trials in which a startle cue preceded a test CMEP by 50 ms (P = 0.99) but increased in trials in which the cue preceded a test CMEP by 80 ms (P < 0.001) to a similar extent across tasks (index finger abduction = 196.2 ± 80.3%, precision grip = 197.4 ± 42.8%, power grip = 204.4 ± 97.1%; P = 0.96). Background EMG was similar across TASKS (F 2,14 = 0.03, P = 0.97) and TRIALS (F 2,14 = 1.79, P = 0.20). Figure 9A illustrates raw individual and averaged F-wave traces in the FDI muscle from a representative subject. Repeated-measures ANOVAs revealed no effect of TASK on F-wave amplitude (F 2,14 = 0.31, P = 0.74, Fig. 9B ), persistence (F 2,14 = 0.04, P = 0.96, Fig. 9C ) or latency (F 2,14 = 0.86, P = 0.45, Fig. 9D ). F-waves did not differ in amplitude (index finger abduction = 1.09 ± 0.4% of M-max, precision grip = 1.13 ± 0.5% of M-max, power grip = 1.06 ± 0.3% of M-max), persistence (index finger abduction = 83.8 ± 17.5%, precision grip = 82.6 ± 19.8%, power grip = 86.3 ± 13.6%) or latency (index finger abduction = 28.10 ± 2.0 ms, precision grip = 28.21 ± 1.8 ms, power grip = 28.11 ± 1.9 ms) across tasks. M-max (F 2,14 = 0.04, P = 0.96) and mean background EMG activity (F 2,14 = 0.17, P = 0.85) were similar across tasks.
F-waves
Discussion
Our results indicate that changes in corticospinal excitability during gross more than fine finger manipulations are largely cortical in origin. We found that the size of MEPs, but not CMEPs, was more suppressed during power grip compared with precision grip and index finger abduction. Notably, intracortical inhibition was reduced during power grip compared with the other tasks. An acoustic startle cue, a stimulus that engages the reticular system, suppressed MEP size during power grip to a lesser extent than during the other tasks and this suppression correlated with changes in intracortical inhibition. A startle cue decreased intracortical inhibition during power grip but did not have any task-specific effect on CMEPs. F-waves remained unchanged across conditions. Thus, we propose that the reticular system contributes, at least in part, to modulate cortical activity during human power grip.
Origin of changes in corticospinal drive during precision and power grip
Our results agree with previous findings showing that MEP size decreased during a power grip compared with a precision grip at matched levels of background EMG activity (Flament et al. 1993; Schieppati et al. 1996; Tinazzi et al. 2003; Hasegawa et al. 2001; Davare et al. 2008; Geevasinga et al. 2014) . However, when the size of MEPs obtained during precision and/or power grip are compared with MEPs obtained during index finger abduction, differences have been reported. Some studies showed that MEPs are larger during precision and power grip compared with index finger abduction (Flament et al. 1993; Tinazzi et al. 2003) while others showed that MEPs are smaller (Bunday et al. 2014; Federico & Perez, 2016) . The size of the objects that are being grasped might be one of the factors contributing to these differences . For example, if during precision grip participants grasped a large object (4 cm diameter; Flament et al. 1993; Tinazzi et al. 2003) MEPs were larger compared with index finger abduction but if during precision grip participants grasped a fine small object (0.6 cm; Bunday et al. 2014; Federico & Perez, 2016) MEPs were smaller compared with index finger abduction. Regardless of these differences, our and previous results showed that MEPs are smaller during power grip compared with precision grip. Cortical and subcortical pathways may contribute to modulate changes in MEP size (Burke & PierrotDeseilligny, 2010 ); therefore, it is possible that both sources contributed to the differences in MEP size during J Physiol 595.8 precision and power grip. We found that svEMG decreased during power grip compared with the other tasks. It is thought that during svEMG low-intensity cortical stimulation probably activates intracortical circuits which, via an oligosynaptic path, inhibit the output of corticospinal cells and therefore corticospinal drive is removed (Davey et al. 1994; Butler et al. 2007) . Thus, the decrease in svEMG area during power grip compared with the other tasks might reflect a decreased contribution of M1. This is consistent with findings showing that the cortical silent period (Tinazzi et al. 2003 ) and short-interval intracortical inhibition (Geevasinga et al. 2014) changed to a different extent during precision and power grip. This is also supported by evidence showing that different sets of cortical circuits can be preferentially engaged when humans perform a precision and a power grip (Federico & Perez, 2016) . Although it might be difficult to directly compare changes in MEP size with the magnitude of the svEMG during power grip, because MEPs are superimposed on a natural contraction and the natural drive is removed with svEMG, our results indicate these measurements interact given that individuals with smaller MEPs were those who showed less suppression in the svEMG, consistent with previous results (Bunday et al. 2014; Perez & Rothwell, 2015) .
A critical question is which neuronal elements were involved in modulating intracortical activity during these different grip configurations. To further examine this question we used an acoustic startle cue, a stimulus that engages both the reticular system located in the midbrain and the reticulospinal system located in the pontomedullary reticular formation (Davis et al. 1982; Hori et al. 1986; Lingenhöhl & Friauf, 1992 . Anatomical and electrophysiological data in animals showed that reticular formation neurons in the midbrain project to thalamic neurons al. 1988) , which interact with interneurons in M1 (Shinoda et al. 1993; Ando et al. 1995) . Furthermore, electrophysiological data in humans showed that a startle cue, given 50 ms before a test MEP, modulates the size of MEPs at a cortical level (Furubayashi et al. 2000; Kühn et al. 2004) . We found that a startle cue, given 50 ms before a test MEP, suppressed MEP size during power grip to a lesser extent compared with the other tasks. It is less likely that the startle cue alone influenced background EMG activity directly because a startle, given 50 ms before a test CMEP, did not change CMEP size across tasks. If the M1 is less excitable during power grip, as suggested by the smaller MEPs and the almost abolished svEMG, it is possible that activation of the reticular system (located in the midbrain) by a startle cue contributed to the lesser suppression of MEPs during power grip. This is supported by our results showing that a startle cue decreased the svEMG during power grip compared with the other tasks. Although we cannot determine a causal relationship between changes in intracortical inhibition and reticular influences, our results indicate that these mechanisms, at least to some extent, interact. This agrees with the positive correlation found between the effects of a startle cue on MEP size and svEMG area across tasks, showing that individuals with a lesser MEP suppression by a startle showed less intracortical inhibition. This is also supported by the lack of task-specific effects on subcortically mediated responses. We found that when a startle cue was given 80 ms before a test CMEP, an interval reflecting influences from subcortical pathways (Furubayashi et al., 2000) , CMEP size increased to a similar extent in all tasks. Cervicomedullary stimulation activated axons of pyramidal tract neurons in the subcortical white matter and therefore CMEPs probably reflect changes in the efficacy of cortico-motoneuronal synapses or motoneuron excitability (Ugawa et al. 1991; Gandevia et al. 1999; Taylor & Gandevia, 2004) . It is important to note that we found that CMEPs (tested without a startle cue) were suppressed during precision and power grip compared to index finger abduction, suggesting a spinal contribution to these grip tasks (Bunday et al. 2014) . However, the similarities in CMEP size (tested with and without a startle cue) and F-waves (index of motoneuron excitability) between grip tasks suggest that it is less likely that subcortical changes contributed to the suppression in MEP size present during power grip. Another difference noted across tasks was that the latency of MEPs and CMEPs in the FDI muscle were prolonged during power grip compared with the other tasks, which is consistent with previous results (Federico & Perez, 2016) . Control experiments revealed that MEP latencies during power grip shortened, to match the latency of the precision grip, when the size of MEPs tested during power grip was increased to match the MEP size recorded during precision and when individuals performed the same tasks with stronger levels of MVC (ß30% of MVC). Although we cannot completely exclude the possibility that mechanical factors also affected this result (Hudson et al. 2009 ), our findings support the view that different inputs contributed to power grip compared with the other tasks.
Functional considerations
While the corticospinal tract extensively contributes to control tasks requiring fine fractionated digit manipulations, such as a precision grip, in primates (Buys et al. 1986; Bennett & Lemon, 1996) and humans (Bunday et al. 2014; Perez & Rothwell, 2015) , increasing evidence suggests that the reticulospinal tract might be well suited to contribute to the control of a power grip. Anatomical data from microstimulation and spike-triggered averaging studies showed that a single corticospinal cell facilitates intrinsic hand muscles with close functional relations (Buy et al. 1986) , making it more suitable for small fractionated movements, while a single reticulospinal neuron has extensive collateralizations projecting to multiple motoneuron pools (Peterson et al. 1979; Matsuyama et al. 1997) , making it suitable for performance of gross rather than fine finger manipulations. Studies in humans showed that a startle cue decreased reaction time in hand muscles during motor tasks involving gross finger manipulations in control subjects (Carlsen et al. 2009; Honeycutt et al. 2013; Dean & Baker, 2016; Baker & Perez, 2016) . Also, a strong link between the reticulospinal tract and gross, more than fine, dexterous finger manipulations has been found in individuals who suffered from spinal cord injury (Baker & Perez, 2016) .
Our novel results indicate that the reticular system and cortical circuits in M1 interact in a task-dependent manner during precision and power grip. Pronounced interactions between reticular and cortical systems during power grip may open new avenues for protocols to enhance recovery of hand function after injury. This is consistent with evidence showing that in primates, reticulospinal outputs are strengthened following a lesion of the corticospinal tract and subserve some of the recovery observed in hand function (Zaaimi et al. 2012) . The influence of brainstem pathways on cerebral cortex motor regions might represent another area that needs to be considered during the assessment of hand motor function.
